We present new H-band echelle spectra, obtained with the NIRSPEC spectrograph at Keck II, for the massive star cluster "B" in the nearby dwarf irregular galaxy NGC 1569. From spectral synthesis and equivalent width measurements we obtain abundances and abundance patterns. We derive an Fe abundance of [Fe/H]=−0.63 ± 0.08, a super-solar [α/Fe] abundance ratio of +0.31 ± 0.09, and an O abundance of [O/H]=−0.29 ± 0.07. We also measure a low 12 C/ 13 C ≈ 5 ± 1 isotopic ratio. Using archival imaging from the Advanced Camera for Surveys on board HST, we construct a colour-magnitude diagram (CMD) for the cluster in which we identify about 60 red supergiant (RSG) stars, consistent with the strong RSG features seen in the H-band spectrum. The mean effective temperature of these RSGs, derived from their observed colours and weighted by their estimated H-band luminosities, is 3790 K, in excellent agreement with our spectroscopic estimate of T eff = 3800 ± 200 K. From the CMD we derive an age of 15-25 Myr, slightly older than previous estimates based on integrated broad-band colours. We derive a radial velocity of v r = −78 ± 3 km/s and a velocity dispersion of 9.6 ± 0.3 km/s. In combination with an estimate of the half-light radius of 0.
INTRODUCTION
Massive star clusters are potentially useful test particles for constraining the evolutionary histories of their host galaxies. They can remain observable for the entire lifetime of a galaxy (as illustrated by the old globular clusters which surround every major galaxy), and they are bright enough to be studied in detail well beyond the Local Group. The internal velocity broadening of their spectra is typically only a few km/s, making detailed abundance analysis at high spectral resolution feasible. In a previous paper we have taken ⋆ Based in part on data obtained at the W.M.Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California, and the National Aeronautics and Space Administration. The Observatory was made possible by the generous financial support of the W.M. Keck Foundation. Also based on observations with the NASA/ESA Hubble Space Telescope, obtained from the data archive at the Space Telescope Science Institute. STScI is operated by the association of Universities for Research in Astronomy, Inc. under the NASA contract NAS 5-26555. a first step towards exploiting this potential by analysing H and Kband spectra of a young massive star cluster (YMC) in the nearby spiral galaxy NGC 6946 (Larsen et al. 2006 ). Here we apply a similar analysis to one of the young star clusters in the nearby (post-) starburst galaxy NGC 1569.
NGC 1569 was one of the first galaxies in which the presence of exceptionally bright, young star clusters was suspected. A spectrum of one of the two bright "stellar condensations" in NGC 1569 was obtained already by Mayall (1935) , although the true nature of these objects was probably first discussed in detail by Arp & Sandage (1985) . They found that the spectra are of composite nature, and also noted that observations with the Hubble Space Telescope (HST) would definitively settle the issue whether or not these objects are really "super star clusters". Indeed, pre-refurbishment mission HST observations by O'Connell, Gallagher & Hunter (1994) settled the issue by showing that both objects are extended, with half-light radii of about two pc. Based on high-dispersion spectroscopy from the HIRES spectrograph on the Keck I telescope, a dynamical mass of ≈ 10 M⊙ was soon after estimated for the brighter of the two objects, NGC 1569-A (Ho & Filippenko 1996; Sternberg 1998) .
The clusters in NGC 1569 are prime candidates for abundance analysis in the near-infrared where they are very bright. The IR holds a particular advantage over optical studies for NGC 1569 due to the large amount of foreground extinction. Gilbert & Graham (2002) found the integrated H-band spectra of both clusters A and B to be well approximated by red supergiant templates. Although NGC 1569-A is the brighter of the two, it is actually a binary cluster itself with some evidence for a (small) age difference between the two components (de Marchi et al. 1997; Maoz et al. 2001; Origlia et al. 2001 ). Whether or not the two components are physically connected or the result of a chance projection is unknown. In this paper we concentrate on NGC 1569-B.
In addition to providing insight into the histories of their host galaxies, young star clusters with masses in excess of 10 5 M⊙ also offer an excellent opportunity to study large samples of coeval massive stars. Such clusters are rare in the Milky Way and even in the Local Group, so it is necessary to extend the search to a larger volume. The most massive known young star clusters in the Milky Way disk are Westerlund 1 (Clark et al. 2005 ) and an object discovered in the 2MASS survey (Figer et al. 2006 ), both of which may have masses approaching 10 5 M⊙. Young clusters of similar masses are found in the Large Magellanic Cloud (van den Bergh 1999), but these pale in comparison with objects like NGC 1569-A and NGC 1569-B.
We have obtained new NIRSPEC H-band spectra of NGC 1569-B, optimised for abundance analysis, and we additionally present photometry for individual stars in the cluster derived from archival observations with the high resolution channel (HRC) of the Advanced Camera for Surveys (ACS) on HST. The HST data provide an independent verification of the stellar parameters (notably T eff and log g) derived from the spectral analysis, and also allow us to compare the observed colour-magnitude diagram (CMD) with standard isochrones. Finally, we use new measurements of the structural parameters and velocity dispersion to derive the cluster mass and mass-to-light ratio and compare with predictions by simple stellar population (SSP) models.
We begin by briefly describing the data in §2. The analysis and our main results then follow in §3, where we first discuss the nearinfrared spectroscopy and the abundance analysis ( §3.1). We then proceed to construct a CMD from the HST imaging ( §3.2) from which we derive stellar parameters for the red supergiants (RSGs) that are compared against the spectroscopic results ( §3.2.3) and theoretical isochrones ( §3.2.4). In §3.3 we measure structural parameters for NGC 1569-B and combine these with velocity dispersion measurements to derive a dynamical mass estimate. Finally, some additional discussion and a summary are given in §4.
DATA

NIRSPEC data
We observed NGC 1569-B in the H-band with the NIRSPEC spectrograph (McLean et al. 1998 ) on the Keck II telescope on 2006 November 8, using the high resolution echelle mode with a slit width of 0.
′′ 432 (3 pixels). This yields a spectral resolution of λ/∆λ = 25000. Since the NIRSPEC detector does not cover the entire H-band echellogram in a single exposure, we optimised the tilts of the NIRSPEC gratings so that the number of features suitable for abundance determination was maximised. To facilitate easy sky subtraction, we followed the standard strategy of obtaining pairs of exposures nodded a few arcseconds along the slit. A total of 20 integrations, each with an exposure time of 300 s, were made, resulting in a total exposure time of 6000 s. One-dimensional spectra were extracted from each pair of nodded exposures and wavelength calibrated using the REDSPEC IDL package written by L. Prato, S. S. Kim & I. S. McLean. The individual 1-D spectra were then co-added. The final summed 1-D spectra have a S/N of about 100 per pixel, or ∼ 175 per 3 pixel resolution element.
HST/ACS data
We use observations of NGC 1569 obtained with the ACS HRC as part of programme GTO-9300 (P.I.: H. Ford). The HRC has a field of view of about 29 ′′ × 26 ′′ and a pixel scale of ∼ 0. ′′ 027 pixel −1 , but with significant variations across the field due to the geometric distortions in ACS. For the photometry of individual stars we use the F555W (≈ V-band) and F814W (≈ I-band) images, each exposed for 3 × 130 s. For measurements of structural parameters we also include F330W (≈ U-band) data (3 × 220 s). The data were downloaded from the HST archive at the Space Telescope -European Coordinating Facility (ST-ECF) and individual exposures were co-added with the MULTIDRIZZLE task (Koekemoer et al. 2002) . Multidrizzle filters out cosmic ray hits and detector defects, corrects for geometric distortions and projects the images on an orthogonal pixel grid with a scale of exactly 0.
′′ 025 pixel −1 . At a distance of 2.2 Mpc ( §2.3), this corresponds to a linear scale of 0.27 pc pixel −1 .
Distance and Reddening of NGC 1569
While it is clear from the high degree of resolution into individual stars that NGC 1569 must be nearby, the exact distance remains quite uncertain. One uncertainty is in the correction for foreground extinction, for which the NASA Extragalactic Database (NED) gives either AB = 2.03 mag (Burstein & Heiles 1982) or AB = 3.02 mag (Schlegel et al. 1998) . Israel (1988) estimated E(B − V ) = 0.56±0.10 or AB = 2.30±0.40 mag (for RB = 4.1). Combined with the apparent distance modulus (m − M )B = 29.0 derived by Arp & Sandage (1985) , this leads to (m − M )0 = 26.7 ± 0.6 or D = 2.2 ± 0.6 Mpc, which is the value used by Origlia et al. (2001) and several other studies in the literature. Based on photometry for a small number of yellow and blue supergiants and also using E(B − V ) = 0.56, O'Connell, Gallagher & Hunter (1994) estimated D = 2.5 ± 0.5 Mpc. Using observations of the red giant branch tip, Makarova & Karachentsev (2003) derived two possible distances of either D = 1.95 ± 0.2 Mpc or D = 2.8 ± 0.2 Mpc, both assuming the Schlegel et al. foreground extinction. For the lower Israel (1988) extinction, the distances would instead be D = 2.7 ± 0.3 Mpc or D = 3.9 ± 0.3 Mpc. In this paper we use the same value of 2.2 Mpc as Origlia et al. (2001) and the extinction value from Israel (1988), i.e. E(B −V ) = 0.56 or AB = 2.30 mag (AV = 1.74 mag). The abundance analysis is not affected by either of these parameters. For the analysis of the colour-magnitude diagram and the cluster mass we will give further comments when needed. 
ANALYSIS AND RESULTS
Chemical abundances
In general, abundance analysis from integrated spectra requires full spectral synthesis techniques to properly account for line blending and population synthesis to define the dominant contribution to the stellar luminosity. The near IR stellar continuum of young stellar clusters and starburst galaxies is almost entirely due to luminous RSGs (see e.g. Origlia & Oliva 2000, for a review) and usually it dominates over nebular and dust emission. This represents a major, conceptual simplification in population and spectral synthesis techniques, making the interpretation of integrated spectra much easier. The spectra can be modelled with an equivalent, average star, whose stellar parameters (temperature T eff , gravity logg and microturbulence velocity ξ) mainly depend on the age and metallicity. Our analysis of the NIRSPEC spectra of NGC 1569-B closely followed that in our study of a YMC in NGC 6946 (Larsen et al. 2006) . A grid of synthetic RSG spectra for different input atmospheric parameters and abundances were computed, using an updated (Origlia, Rich & Castro 2002; Origlia et al. 2003 ) version of the code described in Origlia, Moorwood & Oliva (1993) . Briefly, the code uses the LTE approximation and is based on molecular blanketed model atmospheres of Johnson, Bernat & Krupp (1980) at temperatures ≤4000 K. Recently, the NextGen model atmospheres (Hauschildt et al. 1999 ) have been also implemented within the code and tested, yielding very similar results. The code also includes several thousands of near IR atomic lines and molecular roto-vibrational transitions due to CO, OH and CN. Three main compilations of atomic oscillator strengths are used, namely the Kurucz database 1 and those published by Bièmont & Grevesse (1973) and Meléndez & Barbuy (1999) . For further details we refer to Origlia, Moorwood & Oliva (1993) ; Origlia, Rich & Castro (2002) and Origlia et al. (2003) .
As was done for the YMC in NGC 6946, we estimated the random errors on the derived quantities using a number of test models. With respect to the best-fitting spectrum, we varied the temperature by ∆T eff of ±200K, the microturbulence by ∆ξ of ∓1.0 km s −1 , gravity by ∆ log g of ±0.5 dex and abundances varying accordingly by ≈ ±0.2 dex, in order to still reproduce the depth of the observed features. By comparing the mean difference (δ) between the observed and best-fitting model spectrum with the corresponding δ-value for each test model, we found that the test models are at best statistically significant at ≥ 2σ level, only. See Larsen et al. (2006) for details. Fig. 1 shows several regions of the cluster spectrum with the most prominent features indicated. As noted in several previous studies, the spectrum shows many absorption features indicating the presence of RSGs. The open circles are the observed spectrum, the solid line the best fitting RSG model spectrum and the dotted lines are models with a factor of two different abundances from the best fit solution. Synthetic spectra with lower element abundances are systematically shallower than the best-fit solution, while the opposite occurs when higher abundances are adopted. By fitting the full observed H-band spectrum and by measuring the equivalent widths of selected lines, we obtained the stellar parameters and abundance patterns listed in Table 1 . Reference Solar abundances are from Grevesse & Sauval (1998) 12 C/ 13 C ≈ 5 ± 1. The latter ratio is even lower than the value we found for the YMC in NGC 6946 ( 12 C/ 13 C = 8 ± 2). Isotopic 12 C/ 13 C abundance ratios below 10 are quite common in Galactic RSGs (Lambert & Tomkin 1974; Tomkin, Luck & Lambert 1976; Gonzalez & Wallerstein 2000) and have also been found in the cluster NGC 330 in the Small Magellanic Cloud (Gonzalez & Wallerstein 1999) . The fact that the observed 12 C/ 13 C values in RSGs tend to be lower than standard stellar models predict (Schaller et al. 1992 ) may indicate that extra mixing mechanisms are present.
To our knowledge, no previous determination of the Fe abundance in NGC 1569 exists. Our value is similar to that of cool supergiants in the Small Magellanic Cloud (Hill 1999) . Our oxygen abundance for NGC 1569-B, on the other hand, is more similar to that of young stars in the Large Magellanic Cloud, although the number of stars with reliable abundance determinations is small (Rolleston et al. 2002) . Our O abundance for NGC 1569-B is about a factor of two higher than the commonly cited value of 12 + log (O/H) = 8.19 ± 0.02 for HII regions in NGC 1569 (Kobulnicky & Skillman 1997 Kobulnicky & Skillman (1997) , while Devost et al. (1997) got 12 + log (O/H) = 8.26. All these previous measurements refer to the ionised gas, however, and we are not aware of any previous measurement of the O abundance in NGC 1569 from stellar spectroscopy.
From the spectral fits we also measure a heliocentric radial velocity of vr = −78 ± 3 km/s and velocity dispersion (corrected for instrumental broadening) of ≈ 9.9 ± 1 km/s. This velocity dispersion is higher than the 7.5 ± 0.2 km/s found by Gilbert & Graham (2002) , but agrees well with our measurement based on cross-correlation analysis ( §3.3.4). The radial velocity itself is in excellent agreement with the optical radial velocity of NGC 1569 listed in the Third Reference Catalogue of Bright Galaxies (−74 ± 17 km/s; de Vaucouleurs et al. 1991) .
The cluster colour-magnitude diagram
Photometry
The HRC images show NGC 1569-B resolved into its brightest constituent stars. This presents us with a welcome opportunity to check the properties of RSGs derived from the spectral fits. To study the CMD, we therefore carried out point-spread-function (PSF)-fitting photometry with the DAOPHOT III photometry package (Stetson 1987 (Stetson , 1990 . Stars were first detected in the F814W image with the FIND task, aperture photometry was obtained for the F555W and F814W images with the PHOT task and PSFs were constructed using 7 isolated stars scattered across the HRC detector. A first iteration of PSF-fitting photometry was then carried out by running the ALLFRAME task on the F555W and F814W frames simultaneously. The FIND routine was applied a second time to the star-subtracted F814W image produced by ALLFRAME, and improved PSFs were constructed by running the PSF task once again on images where all stars detected in the first pass (except the PSF stars) had been subtracted. The ALLFRAME PSF-fitting was then repeated with the combined coordinate list. We found that two such iterations were sufficient to produce very clean final star-subtracted images. Fig. 2 shows the F814W image of NGC 1569-B in the lefthand panel and the residual image produced by the second ALL-FRAME iteration in the right-hand panel. The stars subtract out nicely without any systematic residuals, even quite close to the centre of the cluster, indicating the PSF-fitting procedure went well. For calibration to the VEGAMAG system we used the photometric zero-points for the HRC published on the ACS world-wideweb-page (zF555W = 25.255 mag, zF814W = 24.849 mag). To fix the zero-points of the PSF fitting photometry we carried out aperture photometry in a radius of 5 pixels (0.
′′ 125) for a number of bright stars on images where all other stars had been subtracted and calculated the offset between the aperture and PSF photometry for these stars. We estimate that the uncertainty in tying the PSF and aperture photometry together is about 0.01 -0.02 mag. The aperture corrections from 5 pixels to infinity were taken from the tables of encircled energy distributions in Sirianni et al. (2005) .
Completeness and Contamination
The resulting CMD is shown in Fig. 3 for the radial range 15 pixels < R < 50 pixels (0.
′′ 37 < R < 1. ′′ 25). Closer to the centre the crowding becomes too severe to obtain useful photometry and further out contamination from the general field population becomes an increasing worry. Our CMD is consistent with the one already shown by Hunter et al. (2000) , who used data from the Wide Field Planetary Camera 2, in containing a large number of RSGs.
The severe crowding requires that careful attention be paid to completeness effects. We quantified the detection incompleteness and photometric errors by adding artificial stars in the same annulus for which the CMD was constructed. A common procedure when carrying out such artificial object tests is to add stars at random positions within an image; however, it is not necessary that the positions are truly random. As long as the underlying distribution of stars is random itself, no loss of generality results from adding the artificial stars in a semi-regular grid. The advantage is that they can be more closely packed this way. The only caveat is that care must be taken to sample different positions of the PSF at the sub-pixel level, in particular for undersampled images such as those from HST. We distributed the artificial stars in concentric rings with a radial separation of 10 pixels between each ring and a separation of 10 pixels between stars within each ring. This approach automatically provides the required (pseudo-) randomness of the PSF positions at sub-pixel level and ensures that no two artificial stars are closer together than 10 pixels, thus avoiding "self-crowding" of the artificial stars.
The artificial stars were recovered using exactly the same procedure as for the regular photometry. In order to sample the incompleteness in different regions of the CMD, artificial stars with magnitudes between mF555W = 20.0 and mF555W = 26.0 (in steps of 0.5 mag) and colours between mF555W − mF814W = 0.0 and mF555W −mF814W = 4.0 (steps of 1 mag) were added. By repeating the procedure 5 times, each with a different origin of the grid, we could sample a total of 346 artificial stars at every magnitude and colour within the annulus used for the photometry, allowing us to quantify the detection completeness with good statistical accuracy. Fig. 4 shows the CMD for the recovered objects. For clarity, every second magnitude step has been omitted, and only one of the 5 tests at each colour/magnitude is shown. A comparison with Fig. 3 shows that the concentration of red supergiants at mF555W − mF814W ≈ 2.5 and mF555W ≈ 23 is real and not just an artefact of incompleteness towards fainter magnitudes. If any significant number of red objects with mF555W ≈ 24 were present, they would be clearly detected. On the other hand, in the blue part of the CMD the fainter magnitude limit appears to be predominantly a detection limit. To put these statements on a firmer ground, we used the output from the completeness tests to calculate the magnitudes at which 25%, 50% and 75% of the artificial objects were recovered as a function of colour. These limits are shown in Fig. 3 and confirm that the concentration of RSGs is found well above any of these limits. The lower envelope of the remaining data points is consistent with the completeness limits inferred from the artificial star experiments. We conclude that the RSGs, which dominate the near-IR spectra, are well sampled by the ACS/HRC data, and we can use the photometry to constrain their properties further.
The artificial star tests also show that much of the scatter in the colours of the RSGs can be accounted for by photometric errors. Because the errors on the mF555W − mF814W colours are dominated by the errors on mF555W for red objects, the recovered artificial star magnitudes at the position of the RSGs scatter along a line which is nearly diagonal in the CMD. A similar trend is seen in the observed CMD in Fig. 3 . This suggests that the RSGs in NGC 1569-B span a fairly narrow intrinsic range in mF555W − mF814W colour, and hence in T eff .
Before proceeding, the question of contamination of the cluster CMD by the general field population of NGC 1569 must be addressed. Crowding prevents us from measuring stars closer than about 0.
′′ 38 from the centre of the cluster, which is about twice the half-light radius. In the top panel of Fig. 5 we again show the CMD within 0.
′′ 38 < R < 1. ′′ 25, now corrected for Galactic extinction and converted to an absolute magnitude scale. The centre panel shows the CMD for a larger annulus with the same area. Completeness effects are expected to be less severe in this less crowded region, yet the population of RSGs is virtually absent. This supports the notion that the RSGs in the top panel are indeed predominantly associated with cluster B as also concluded by Hunter et al. (2000) . The bottom panel shows the statistical difference between the top and centre panels, constructed by removing every star in the central annulus which has a matching datapoint within 0.5 mag in mF 555W and mF 814W in the background annulus. For the RSGs there is no significant difference, although some fraction of the blue stars are removed. Since we have not applied separate completeness corrections in the two annuli, it is likely that too many blue stars have been subtracted near the detection limit.
Comparison with spectroscopy
Within the right-hand selection box in the bottom panel of Fig. 5 , we find 57 RSGs with a mean colour of MF555W − MF814W = 1.75 and MF555W = −5.6. For each star we can estimate the effective temperature and bolometric corrections from the observed MF555W − MF814W colour, by using conversions computed with the code described by Origlia & Leitherer (2000) and multiplying the model atmospheres by Bessel et al. (1998) with the ACS filter responses. This yields T eff = 3850 K, very close to the estimate of T eff = 3800 ± 200 K obtained from the spectral analysis. If we instead calculate the T eff values individually for each star and then compute an average weighted by the estimated H-band luminosity of each star, cooler stars will receive greater weights and the average T eff decreases to T eff = 3790 K, again in excellent agreement with the spectroscopic estimate.
Different assumptions about the distance will not affect the photometric estimate of T eff , although different assumptions about extinction clearly will. If instead of AB = 2.30 we assume AB = 3.02 (Schlegel et al. 1998) , then T eff increases by about 200 K.
Having estimated the mean absolute magnitude and effective temperature of the RSGs from the CMD, the stellar diameter follows and we can estimate the surface gravity if the mass is known. For an age of log t = 7.3 ( §3.2.4), isochrones from the Padua group (Girardi et al. 2000) give a turn-off mass of 12.4 M⊙. Assuming T eff = 3800 K we get a bolometric correction of −1.4 mag from the Kurucz models 2 . Then the mean RSG luminosity is LRSG/L⊙ = 4.9×10 4 and the radius is RRSG/R⊙ = 510, which leads to log g = 0.1 (in cgs units). This is again very close to the value log g = 0.0 derived from the RSG model spectral fit.
Model comparison and the ratio of blue to red supergiants
Models for massive stars are still fraught with significant uncertainties, partly because there is still only a limited amount of data available to compare with. CMDs for YMCs such as NGC 1569-B can help constrain the models.
The mean effective temperature of RSGs predicted by models from the Padua and Geneva (Lejeune & Schaerer 2001) groups are listed in Table 2 for two different metallicities: Z = 0.004 and Z = 0.008. The Geneva models are available for "standard" and "enhanced" mass loss rates. Here we use the models with enhanced mass loss since these compare most favourably with the data. We have selected the RSGs in the same way as for the empirical data, i.e. RSGs are here defined as stars with MF555W − MF814W > 1.1. The T eff RSG values in Table 2 are the average of the T eff values listed in the isochrone tables for these stars, weighted by the luminosity in F555W and the number of stars at each initial mass according to a Kroupa (2002) IMF. Because all RSGs have very nearly the same mass for a given age, it makes virtually no difference what IMF is actually assumed and even for a flat IMF the mean effective temperature would change by only a few K. In all cases, the models predict the RSGs to be hotter than observed, with the Z = 0.008 Geneva isochrones coming closest to matching the observations in this respect. The Z = 0.008 Geneva models for standard mass loss produce RSGs which are about 100 K hotter than the enhanced mass loss models for the two youngest ages, while for the Z = 0.004 models (which are less affected by mass loss) there is no difference.
In Fig. 6 and 7 we compare our background-subtracted CMD with the theoretical isochrones. Rather than simply drawing the isochrones as lines connecting the model points, we plot synthetic Hess diagrams which show the density of stars predicted by the isochrones. The CMDs confirm that the best match to the RSGs is obtained for Z = 0.008 with a slightly younger age being preferred for the Geneva models (log t ∼ 7.2) than for the Padua models (log t ∼ 7.4). These ages are older than the estimate of log t = 7.1 by Anders et al. (2004) , based on integrated broad-band colours. However, if the distance of NGC 1569 is greater than we have assumed then the absolute magnitude scale will shift accordingly, favouring a younger age. It seems that the CMD favours a metallicity for NGC 1569-B closer to Z = 0.008 than Z = 0.004, but we are reluctant to stress this point very strongly given the large uncertainties in the stellar models for these young ages.
One specific "amplifier" of the uncertainties in models for massive stars is the number ratio of blue and red supergiants (BSG/RSG), as discussed in detail by Langer & Maeder (1995) . While it is relatively straight-forward to identify the RSGs in NGC 1569-B, it is, unfortunately, less clear how to select a sample of BSGs for comparison with the models as these are not clearly separated in the CMD. The Hess diagrams in Figs. 6 and 7 provide some guidance and suggest that BSGs within the relevant age range should be brighter than MV ≈ −5.5. We therefore select BSG candidates within the left-hand box drawn in the bottom panel of Fig. 5 . This results in 22 BSGs and 57 RSGs and thus a ratio of BSG/RSG = 0.39 ± 0.10. In Table 2 we list the predictions by the Padua and Geneva models, obtained by counting the BSGs and RSGs within the boxes shown in Fig. 6 and 7. We have used the same colour range as in Fig. 5 , but adjusted the magnitude limits for each isochrone to avoid "contamination" from main sequence stars while making sure that the full range of BSG luminosities is covered in every case. Only the youngest Z = 0.008 Geneva isochrone can match the observed low BSG/RSG ratio, and in many of the other cases the discrepancy is very large, most notably for the metal-poor Geneva isochrones.
More generous selection limits for BSGs in the observed CMD will reduce the discrepancy, but in any case it is clear that the isochrones do not reproduce the observed CMD in detail. The problem of the BSG/RSG ratio will be addressed in more detail in forthcoming papers, using a larger sample of star clusters of different ages (see also Larsen 2007) .
Structural Parameters and Dynamical Mass
Cluster size and its Wavelength Dependence
Having discussed the stellar content of NGC 1569-B, we now turn to a reexamination of its structural parameters and dynamical mass. We measured the size of the cluster in the ACS/HRC images using our ISHAPE code (Larsen 1999) . The cluster size is determined by convolving a series of analytic model profiles with the PSF and varying the model parameters until the best fit is obtained. We used "EFF" profiles (Elson, Fall & Freeman 1987) of the form
where rc is the core radius and η determines the steepness of the profile at large radii. Because neither the cluster itself nor the fitting profile has a clearly defined outer boundary, we experimented with various fitting radii up to 50 pixels (15 pc). Fig. 8 shows the image of the cluster, the best-fitting model, and the residuals for each band, for the largest fitting radius of 50 pixels. The resolution into individual stars means that the χ 2 ν values of the fits never get close to unity, but otherwise the models provide a good fit to the data.
The PSFs used for the size measurements were based on DAOPHOT PSFs in the inner regions (R < 5 pixels). We know from the smooth residual images produced by the ALLFRAME photometry that these PSFs accurately represent the PSFs of our images. However, for the ISHAPE analysis we need to know the PSF at larger radii than for the photometry, and there the construction of accurate empirical PSFs becomes limited by decreasing S/N and non-uniformity of the background. For the analysis of structural parameters we therefore made use of composite PSFs, constructed from the DAOPHOT PSFs for R < 5 pixels and using models computed by the TINYTIM package (Krist & Hook 1997) further out. Table 3 lists the Full Width at Half Maximum (FWHM) along the major axis, the minor/major axis ratio (B/A), the slope parameter η, and the half-light radius R h for various fitting radii. All fits consistently yield an axis ratio of B/A∼ 0.8, confirming the conclusion from earlier work that NGC 1569-B is significantly elongated (O'Connell, Gallagher & Hunter 1994 ). For η ≤ 1 the total luminosity of the model profile is infinite, and R h therefore undefined. For some fits η is close to unity, leading to unreasonably large R h values. We list two values for R h : One assuming that the profile extends to infinity (R h (∞)) and another assuming that it is truncated at R = 100 pixels (R h (100)). For η ≫ 1 the two R h values are similar, but for η ≈ 1 they differ substantially. The cut at R = 100 pixels (30 pc) is chosen fairly arbitrarily, apart from the fact that it is very difficult to trace the cluster profile to greater radii in the images.
Regardless of the fitting radius, all fits return a smaller FWHM at longer wavelengths. The formal errors on the FWHM values returned by ISHAPE are generally less than ±0.1 pixels, so the trend with wavelength appears significant. The FWHM is roughly equal to twice the core radius rc of the EFF profiles (for η = 1.0 this holds exactly) so the trend in FWHM with wavelength is basically a trend in core radius. Such a trend seems consistent with the finding by Hunter et al. (2000) that NGC 1569-B has redder mF336W − mF555W colours near the centre. However, they also found that the mF555W − mF814W colours become bluer near the centre. In the top panel of Fig. 9 we show the mF330W − mF555W and mF555W − mF814W colours versus aperture radius for NGC 1569-B measured on the HRC data. The trends seen in this plot are very similar to those observed by Hunter et al., with mF330W −mF555W becoming redder inwards and mF555W − mF814W getting bluer. How can this be consistent with a monotonic decrease in cluster core radius with wavelength?
The answer appears to be that a naïve comparison of colour gradients, as in Fig. 9 , neglects the effect of the PSF. Colour gradients can result from a combination of changes with wavelength in the structure of both the cluster and the PSF. The PSF behaviour with wavelength is not monotonic. Due to the "red halo" effect, more light is scattered to large radii at longer wavelengths, but the encircled energy distributions tabulated in Sirianni et al. (2005) also show that more light is scattered to intermediate radii (0.
′′ 1 - Table 4 . A summary of properties of NGC 1569-B. R h is the half-light radius, m F555W is our estimated total apparent magnitude in the F555W band, σr is the projected velocity dispersion, vr the heliocentric radial velocity, M vir the dynamical mass and ρ h the mean density within the halfmass radius. For quantities that depend on the assumed distance this dependency is specified explicitly.
15.60 ± 0.20 σr (km/s) 9.6 ± 0.3
. This is also illustrated by the fact that the aperture corrections to infinity display a minimum around 5000Å-6000Å (Fig. 10 in Sirianni et al. 2005) .
To investigate this further, we convolved the PSF in F330W, F555W and F814W with EFF models for the respective filters having FWHM of 5.0, 4.5 and 4.0 pixels and envelope slopes of η = 1.26, 1.23 and 1.20 (guided by the numbers in Table 3 ). The centre panel of Fig. 9 shows the integrated colours versus aperture radius for these model profiles, normalised to match the observed colours at 0.
′′ 5. Although the intrinsic cluster core radius decreases monotonically with wavelength by design, we reproduce the observed trend towards bluer mF555W − mF814W colours and redder mF330W − mF555W colours near the centre. The bottom panel shows the colour-aperture relations for the pure EFF models, as they would be observed in the absence of any convolution with the PSF. In this case both the mF555W − mF814W and mF330W − mF555W colours become redder near the centre. We conclude that the colour gradients observed by Hunter et al. (2000) (and also seen in the HRC data) are consistent with the monotonic Because the envelope slope η tends to be shallower at longer wavelengths, the correlation between FWHM and wavelength does not translate into a similarly strong trend of half-light radius R h versus wavelength. The R h (∞) values show a very larger scatter while most R h (100) values are in the range 6-8 pixels or 0.
′′ 15-0.
′′ 20. O'Connell, Gallagher & Hunter (1994) measured a half-light radius of R h = 0.
′′ 25 on HST/WFPC images, while Hunter et al. (2000) derived an almost identical value of R h = 0.
′′ 26 from HST/WFPC2 images. Our measurement on the ACS/HRC images is slightly smaller, but an increase in the cut-off radius by a factor of 2-3 would bring our R h estimate into close agreement with previous studies. In the following, we therefore adopt R h = 0.
′′ 20 ± 0. ′′ 05.
Mass segregation?
NGC 1569-B is not the only YMC in which the structure has been found to be wavelength dependent. Larsen et al. (2001) noted that the colours of a YMC in NGC 6946 become bluer in larger apertures. A trend of smaller cluster size at longer wavelengths was also found for the cluster M82-F by McCrady et al. (2005) , who argued that it might be due to mass segregation (although this result has been questioned by Bastian et al. (2007) after a detailed analysis of the extinction near M82-F). Because the RSGs are the most massive stars currently in the cluster, mass segregation would cause them to be more centrally concentrated, making the cluster appear smaller at longer wavelengths where the RSGs dominate. Mass segregation may be either primordial in nature (the most massive stars forming preferentially near the centre) or a result of dynamical evolution; in the latter case it is expected to occur on the half-mass relaxation time-scale which is
where N is the number of stars in the cluster and m is the mean mass per star (Spitzer 1987) . For a total cluster mass of ∼ 4 × 10 5 M⊙ ( §3.3.5), a mean stellar mass of 0.6 M⊙ (for a Kroupa IMF extending from 0.1 M⊙ to 100 M⊙) and R h ≈ 2 pc, Eq. (2) yields t rh ≈ 5×10 8 years, about a factor of 25 longer than the current age of NGC 1569-B. Thus, the cluster is not expected to be fully mass segregated, but this statement is subject to a few caveats. Near the centre of the cluster, where the density is higher, the relaxation time will be shorter. Furthermore, massive stars can "sink" to the centre on shorter time scales due to energy equipartition. The timescale for this to occur is inversely proportional to the mass of the stars in question (Gerhard 2000) , so stars with masses characteristic of the current RSGs might become segregated on time scales similar to the current age of NGC 1569-B. According to McMillan et al. (2007) , dynamical mass segregation may occur even more rapidly if a cluster forms from subclumps which already have some degree of primordial mass segregation. Alternatively, mass segregation may be imprinted in the structure of the cluster from the beginning (e.g. references in McMillan et al. 2007 ).
Whether or not mass segregation can actually explain the observed relations between cluster structure and wavelength is another question. Fleck et al. (2006) calculated the difference ∆V −K between the V − K colour inside and outside the half-light radius for a mass-segregated cluster as a function of time and found this to be 0.05 -0.15 mag. Using simple stellar population models by Bruzual & Charlot (2003) we estimate ∆V −K /∆V −I ≈ 2, so we may expect mass segregation to affect ∆V −I by a few times 0.01 mag. From the data plotted in the bottom panel of Fig. 9 we measure a difference ∆V −I = 0.03 mag, which appears roughly consistent with the calculations by Fleck et al. So it seems that mass segregation might be responsible for the observed colour gradients, although it would be desirable to investigate this in more detail.
Integrated magnitude
For many of the same reasons that complicate measurements of the core-and half-light radius, the integrated magnitude of NGC 1569-B remains uncertain and a range of numbers can be found in the literature. Anders et al. (2004) Most of the differences between published photometry can be ascribed to different choices of aperture radii. Using the same aperture radii, we can largely reproduce the numbers given above. For the apertures and background annuli used by Anders et al. (2004) and Hunter et al. (2000) , we obtain mF555W(0.
′′ 46) = 16.20 mag and mF555W(1.
′′ 34) = 15.66 mag. Figure 10 shows the integrated apparent mF555W magnitude as a function of aperture radius, demonstrating that the curve-of-growth never levels off completely out to at least 2 ′′ . This is a generic difficulty for many young star clusters, which tend to have very extended outer envelopes with η-values close to 1 and hence poorly defined total luminosities (Larsen 2004) .
Per definition, the total luminosity of the cluster should be twice that contained within the effective radius. We can therefore estimate the total integrated magnitude by measuring the magnitude within R h and doubling the flux. From the data in Fig. 10 we get mF555W = 16.79/16.55/16.40 mag in apertures of 0.
′′ 15/0. ′′ 20/0. ′′ 25. Doubling the fluxes we then get mF555W(∞) ≈ 15.80 ± 0.20, where the quoted error is due to the uncertainty on the half-light radius. This is consistent with the measurement of Hunter et al. (2000) but brighter than measurements made in smaller apertures. However, this estimate of the integrated magnitude may still be a lower limit, because we have used a half-light radius that was already corrected for broadening by the PSF. In reality, some fraction of the cluster light is scattered from the centre to larger radii by the PSF, and we therefore expect that an aperture with the same radius as the intrinsic R h will contain slightly less than half of the total cluster luminosity. By carrying out aperture photometry on a simulated PSF, we estimate this effect to be about 0.20 mag, consistent with the encircled energy tables in Sirianni et al. (2005) . Our final estimate of the integrated cluster magnitude is then mF555W(∞) ≈ 15.60 ± 0.20.
Velocity dispersion
As noted in §3.1, the best fit of our RSG model spectrum to the NIRSPEC data requires a further broadening of 9.9 ± 1 km/s after accounting for the instrumental resolution. We have also derived the velocity dispersion using the standard cross-correlation technique (Tonry & Davis 1979; Ho & Filippenko 1996) applied in many previous studies. We refer to our previous papers on this subject for details (e.g. Larsen et al. 2001; Larsen & Richtler 2004; . We used two template stars, HR 2184 (spectral class K1II) and HR 2235 (F5 II). Fig. 11 shows the crosscorrelation function (CCF) for NGC 1569-B versus HR 2184 (thick curve) together with the CCF for the spectrum of HR 2235 (broadened by various amounts) versus that of HR 2184. The best match is obtained for a broadening of ≈ 10 km/s.
In Fig. 12 we show the distribution of velocity broadenings derived from the cross-correlation analysis in the various orders of the NIRSPEC spectrum and the different combinations of template stars. The best fits (highest CCF peaks) were obtained for orders 45, 46 and 49 and the results for these orders are shown as a filled histogram. The mean is σr = 9.6 ± 0.1 km/s. If we include orders 47 and 48 the mean decreases to σr = 9.2 ± 0.1 km/s, still significantly greater than the 7.5 km/s measured by Gilbert & Graham (2002) . For the following discussion we will adopt σr = 9.6 ± 0.3 km/s, including the estimate of σr from the RSG model fit within our 1σ error.
Dynamical mass
Assuming virial equilibrium and that mass traces light, the cluster mass is related to the 1-D velocity dispersion σr and half-light radius by
with α ≈ 9.75. Inserting the R h and σr values derived in §3.3.1 and §3.3.4 (summarised in Table 4) , we obtain a dynamical mass of Mvir = (4.4 ± 1.1) × 10 5 M⊙ which is about a factor of two higher than the value of 2.3×10
5 M⊙ derived by Gilbert & Graham (2002) . The difference is mostly due to our greater velocity dispersion. Note that Mvir scales linearly with R h , and thus with the assumed distance D. Rather than trying to include an uncertainty on the distance, we have specified this dependency explicitly for the cluster mass listed in Table 4 . This dynamical mass of NGC 1569-B is much greater than for any young star cluster currently known in the Milky Way and also well above the median mass of old globular clusters (though still comfortably within the mass range of Milky Way GCs).
We can compare the dynamical mass estimate with the mass expected for a cluster of this age and luminosity, given a normal stellar IMF. For Z = 0.008 and a Chabrier IMF, the (45, 46, 49) while the outlined histogram also includes orders 47 and 48. The best orders yield a mean of σr = 9.6 ± 0.1 km/s. Bruzual & Charlot (2003) SSP models predict a V -band absolute magnitude of MV = 1.53 ± 0.15 mag per M⊙ for log t = 7.3 ± 0.1. For MV ≈ mF555W − 26.7 − AV = −12.85 ± 0.2 the "photometric" mass is then (5.5 ± 1.3) × 10 5 M⊙, which is in agreement with the dynamical mass within the 1 σ errors.
The close agreement between the dynamical and photometric mass estimates is probably somewhat fortuitous, given the uncertainties on the distance, reddening and age. In the absence of reddening, the dynamical-to-photometric mass ratio will scale as 1/D. However, since the problem of determining the reddening and distance to NGC 1569-B are closely tied, the comparison is not as straight forward. To first order, the absolute magnitude of NGC 1569-B may be roughly independent of the reddening correction, since most distance determinations to NGC 1569 are based on standard candles. The dynamical-to-photometric mass ratio will then scale as D instead of 1/D. All this neglects any possible dependency of the age estimate on distance and reddening. This will depend on the method used for age determination -ages based on integrated colours (or spectroscopy) will be distance independent and probably only weakly dependent on the reddening (since this is usually included as a free parameter in the fit) while CMD-based ages will depend on both.
Another source of uncertainty is the parameter α in Eq. (3). In a mass segregated cluster, α will have a different value than we have assumed. Because of energy equipartition, the massive stars will acquire lower velocities and sink to the centre. Since measurements of the velocity dispersion and cluster size based on integrated light are dominated by these stars, the mass derived from Eq. (3) will be underestimated. Fleck et al. (2006) model the evolution of α for dynamically mass segregated star clusters and give an analytical approximation to the relative error ∆α/α as a function of age and relaxation time. For an age of 20 Myr and t rh = 500 Myrs, their equation (31) yields ∆α/α ≈ 13%. With this correction, the dynamical mass becomes Mvir,corr = (4.9 ± 1.2) × 10 5 M⊙ for HII regions is greater than the formal uncertainties on either value, and our oxygen abundance is higher than the nebular abundances in most dwarf galaxies (e.g. Vaduvescu et al. 2007 ). This raises the question whether one (or both) methods suffers from possible systematic errors, or if there might be a genuine difference between cluster and HII region abundances in NGC 1569 -perhaps due to an ab initio oxygen enhancement of the gas out of which the cluster formed. Since oxygen is the only element in common between the cluster and HII region data, a detailed comparison of the abundance patterns is unfortunately not possible. However, it is of interest to note that the very strong Wolf-Rayet features in the spectrum of cluster A also suggest a high metallicity (Maoz et al. 2001) . NGC 1569 is a popular target for testing models of chemical evolution, and it is generally recognised that the strong galactic wind observed in the galaxy must play an important role. Martin et al. (2002) observed a super-solar [α/Fe] ratio for the wind, as we do for NGC 1569-B. However, it is unclear to what extent the two are related as material ejected in the outflow may not participate in star formation, and in any case not before it has had time to cool down and fall back into the galaxy. The chemical evolution of an NGC 1569-type galaxy has been modelled in detail by Recchi et al. (2006) , assuming a variety of bursty star formation histories. Their chemo-dynamical simulations show that elements produced in the last burst of star formation generally do not get mixed with the ISM in the galaxy, but instead get injected into the hot gas phase. None of their models produce an O abundance as high as the one observed by us, and the model that comes closest (12 + log (O/H) ∼ 8.4) severely underpredicts the N/O abundance of the HII regions observed by Kobulnicky & Skillman (1997) . Generally, the best fits to the HII region abundances are obtained for a "gasping" star formation history, but these models all predict a maximum 12 + log (O/H) ≈ 8.1. Similarly, the O abundance predicted by the models of Romano et al. (2006) for NGC 1569 never exceeds 12 + log (O/H) = 8.41. We speculate that the galactic wind which is responsible for removing metals may be less efficient in doing so near the bottom of the potential well where the massive clusters formed. Unfortunately, none of the models include predictions for the wide range of other elements we are observing here.
The Small Magellanic Cloud presents an interesting comparison case. Early spectroscopic studies and Strömgren photome-try indicated that the young cluster NGC 330 is about 0.5 dex more metal-poor than the surrounding field (Grebel & Richtler 1992 , and references therein). High-dispersion spectroscopy by Hill (1999) showed a smaller and only marginally significant difference between the field stars and NGC 330, although still in the sense that the cluster is more metal-poor than the field ([Fe/H] = −0.82 ± 0.10 vs. [Fe/H] = −0.69 ± 0.11). The [O/Fe] abundance ratios in these stars were all found to be sub-solar ([O/Fe] ≈ −0.15 to −0.3 dex), as in the LMC and in young Galactic supergiants (Hill et al. 1997) . Hill (1999) also found the α-elements abundances (Mg, Ca, Ti) relative to Fe to be around Solar for NGC 330. Gonzalez & Wallerstein (1999) found slightly lower iron abundances of [Fe/H] = −0.94 ± 0.02 for K supergiants in NGC 330 than Hill (1999) While there is some evidence for a difference in metallicity between NGC 330 and the SMC field, the situation there seems to contrast with the case of NGC 1569-B where we find a higher oxygen abundance of the cluster compared to the HII regions and an enhanced [O/Fe] ratio. Our mean [α/Fe] = +0.31 ± 0.09 is also higher than that derived for the stars in NGC 330. One significant difference may be the mass of NGC 1569-B, which is probably an order of magnitude greater than that of NGC 330 (Feast & Black 1980) .
The spectral analysis returns a mean T eff = 3800 ± 200 K and log g ≈ 0.0 for the RSGs in NGC 1569-B. We have checked these values using resolved photometry of the RSGs in the cluster, derived from archival HST/ACS images. About 60 RSGs are easily identifiable in the colour-magnitude diagram, and from their mF555W − mF814W colours we derive a mean effective temperature of T eff = 3850 K and log g = 0.1. An even closer match to the spectroscopic T eff is obtained if we weigh the T eff estimates for the individual stars by their H-band luminosities, in which case we get T eff = 3790 K.
We have compared the CMD with Z = 0.004 and Z = 0.008 isochrones from the Padua and Geneva groups. Both sets of models provide the best match to the observed colours and magnitudes of the RSGs for Z = 0.008 and ages of 15-25 Myrs, but no isochrone can reproduce the observed CMD in detail. For these sub-solar metallicities, the models predict higher (by up to a few 100 K) mean effective temperatures T eff for the RSGs than observed. Since the RSGs generally become cooler with increasing metallicity, models of higher metallicity are favoured, but models of Solar metallicity would be required to match the observed colours. For such models, however, the blue supergiants become much too cool to match the observations. The observed ratio of blue to red supergiants (BSG/RSG = 0.39 ± 0.10) is also significantly lower than most of the model predictions. Although we are detecting an impressive number of RSGs, it should be noted that since we are only resolving stars located well outside the half-light radius, the actual number of RSGs in NGC 1569-B is likely to be more than a factor of two greater than the number we have detected.
We derive a velocity dispersion of 9.6 ± 0.3 km/s from the integrated spectrum of NGC 1569-B, somewhat higher than the value of 7.5 km/s of Gilbert & Graham (2002) . Combining this with an estimate of the cluster half-light radius of 0.
′′ 20 ± 0. ′′ 05 measured on the ACS images, we obtain a dynamical mass of (4.4 ± 1.1) × 10
M⊙. This is in excellent agreement with the mass predicted by simple stellar population models for a cluster of this age and luminosity and a standard IMF. A correction for mass segregation would bring the two estimates into even closer agreement.
Our analysis of structural parameters reveals a decrease in core radius with wavelength for NGC 1569-B. This trend is consistent with the colour gradients observed by Hunter et al. (2000) and by us in the HRC data when variations in the PSF are taken into account. A similar colour gradient was observed in an YMC in NGC 6946 (Larsen et al. 2001) . The correlation between core radius and wavelength is also in the same sense as that found for M82-F by McCrady et al. (2005) and may be an indication that mass segregation (primordial or dynamical) is present in NGC 1569-B. However, this needs to be confirmed by a more detailed analysis, including a modelling of how mass segregation would translate into observables such as core-and half-light radius.
As a final note, we find it fascinating to contemplate that only a couple of decades ago, it was still uncertain whether NGC 1569-A and NGC 1569-B were in fact star clusters in NGC 1569 or mere foreground stars. Today, the Advanced Camera for Surveys on HST has made it possible to not only settle this question definitively, but to study the individual stars that make up these clusters.
